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ABSTRACT 

Mutations in the LRRK2 gene result in autosomal dominant, late onset Parkinson’s disease 

(PD). Three such mutations (p.R1441C, p.R1441G, and p.R1441H) are known to occur within 

codon 1441, and haplotype analyses indicate that each one has arisen independently on multiple 
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occasions. We sequenced the entire coding region of 18 casual genes for PD or other 

parkinsonian neurodegenerative disorders in the proband of a family with autosomal dominant 

PD. We discovered a new missense mutation in the LRRK2 gene, c.4321C>A (p.R1441S). The 

mutation was predicted to be highly deleterious in silico (Combined Annotation Dependent 

Depletion score of 25.5) and segregated with disease in the pedigree. The clinical characteristics 

of affected family members were similar to those described in PD families with other mutations 

in LRRK2 codon 1441 and included resting tremor, rigidity, bradykinesia, unilateral onset, and a 

good response to levodopa. Age at onset ranged from 41-76. Two of the affected members of the 

pedigree underwent detailed, longitudinal neuropsychological testing and both displayed 

evidence of mild cognitive deficits at or slightly preceding the onset of motor symptoms. LRRK2 

p.R1441S represents the fourth pathogenic mutation observed within codon 1441 and its 

discovery adds to the remarkable complexity of a mutational hotspot within the ROC domain of 

the LRRK2 protein. 

 

INTRODUCTION 

Parkinson’s disease (PD; MIM 168600) is the second most common neurodegenerative 

disorder and is characterized by bradykinesia, rigidity, resting tremor, and postural instability. 

These motor features are frequently accompanied by a number of non-motor problems including 

cognitive dysfunction. Approximately 20% of PD patients report a family history of the disease 

and over the past two decades eight causal genes for clinically typical early and late-onset PD 

(SNCA, PARK2 (parkin), PINK1, PARK7 [DJ-1], LRRK2, VPS35, DNAJC13, RAB39B) have 

been identified [Bonifati et al., 2003; Kitada et al., 1998; Mata et al., 2015; Paisan-Ruiz et al., 
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2004; Polymeropoulos et al., 1997; Valente et al., 2004; Vilarino-Guell et al., 2014; Vilarino-

Guell et al., 2011; Zimprich et al., 2011; Zimprich et al., 2004].  

Among patients with disease-causing variants in a known gene, LRRK2 mutations are the 

most common. Less than 10 LRRK2 mutations are generally considered pathogenic [Paisan-Ruiz 

et al., 2013]. Of these, p.G2019S is by far the most prevalent and occurs at a frequency of 

approximately 1% in PD patients of European origin [Healy et al., 2008]. The next most 

common LRRK2 mutations occur within codon 1441; p.R1441C, p.R1441G, and p.R1441H 

[Paisan-Ruiz et al., 2004; Zabetian et al., 2005; Zimprich et al., 2004]. Haplotype analyses 

suggest that each of these three mutations arose independently on multiple occasions, indicating 

that this region of the gene is a mutational “hotspot” [Haugarvoll et al., 2008; Mata et al., 2009a; 

Ross et al., 2009]. Codon 1441 mutations are highly penetrant and result in late-onset PD that is 

clinically indistinguishable from idiopathic PD [Haugarvoll et al., 2008; Ruiz-Martinez et al., 

2010]. 

In this study we report a new mutation in LRRK2 codon 1441 (p.R1441S) which segregates 

with disease in a multiplex PD family, and describe the clinical characteristics of affected 

members of the pedigree. 

 

MATERIAL AND METHODS 

Subjects 

All available members of the family were enrolled in the Parkinson’s Genetic Research 

Study at the VA Puget Sound Health Care System (VAPSHCS). These individuals underwent a 

detailed examination and interview by a study neurologist (Fig. 1: family members II-2, II-3, and 

II-4). Two affected members of the family (II-2 and II-3) also underwent detailed cognitive 



Aut
ho

r M
an

us
cr

ipt

Aut
ho

r M
an

us
cr

ipt

testing through concurrent enrollment in the Pacific Northwest Udall Center. These subjects 

were assigned a diagnosis of no cognitive impairment, mild cognitive impairment (MCI), or 

dementia using previously described procedures [Cholerton et al., 2013]. The institutional review 

boards of the University of Washington and VAPSHCS approved the study and all participants 

provided informed consent. 

Genetic Analysis 

Genomic DNA was extracted from peripheral blood samples using standard techniques. 

Initially (in 2005), all 51 exons of the LRRK2 gene (including intron/exon boundaries) were 

Sanger-sequenced in the proband using previously described methods [Zabetian et al., 2009]. 

Subsequently, when next generation sequencing (NGS) technology became available, the 

proband was screened for mutations within the coding region of 18 casual genes for PD or other 

neurodegenerative disorders in which parkinsonism has been reported (ATP13A2, DNAJC13, 

EIF4G1, FBXO7, GIGYF2, GRN, LRRK2, MAPT, PARK2, PARK7, PINK1, PLA2G6, RAB39B, 

SNCA, TARDBP, TH, VCP, and VPS35). Briefly, targeted NGS was performed as follows. 

Sample libraries were constructed and enriched for the genes of interest using xGen custom 

probes (Integrated DNA Technologies, Coralville, IA). The enriched libraries were sequenced 

with 100-nucleotide paired-end reads on a HiSeq2500 (Illumina, San Diego, CA) to achieve a 

mean coverage of >100X. The resulting sequences were aligned to the human genome reference 

(hg19). We excluded those variants that did not meet standard quality values, had a minor allele 

frequency >1% in the Exome Aggregation Consortium (ExAC) database 

(http://exac.broadinstitute.org), or were classified as low impact by SnpEff prediction tools 

[Cingolani et al., 2012]. In addition, SNCA, PARK2, PINK1, and PARK7 were screened for copy 
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number variation using multiplex ligation-dependent probe amplification (MLPA; MRC-

Holland, Amsterdam, Netherlands) as previously described [Cornejo-Olivas et al., 2015]. 

 

RESULTS 

Clinical description 

The proband (II-4), a male Veteran who worked as a welder, developed a resting tremor of 

the left foot at age 45. By age 48, all cardinal motor features were present on examination (Table 

1). He displayed a good response to dopamine replacement therapy throughout the course of the 

disease; treatment included dopamine agonists (bromocriptine, pergolide, and pramipexole), 

trihexyphenidyl, and up to 2,750 mg of levodopa per day. By age 65, he was wheelchair-bound 

and resided at a skilled nursing facility. On examination at age 66, he had severe dyskinesias and 

motor fluctuations, and dopamine dysregulation syndrome characterized by severe anxiety with 

wearing off. He also developed visual hallucinations, which were briefly treated with olanzapine. 

A brain MRI was unremarkable. Detailed cognitive testing was never performed, but Mini-

Mental State Examination (MMSE) score was 26/28 at age 66, and 27/28 at age 67 (writing tasks 

were not attempted due to severe tremor). He died at age 67 due to complications from 

pneumonia. 

The proband’s brother (II-2), a Veteran with Agent Orange exposure, did not display signs or 

report symptoms of parkinsonism at the time of study enrollment at age 73. At his second study 

assessment at age 75 he was still not aware of any motor symptoms but on examination was 

found to have slight bradykinesia and rigidity of the right upper and lower extremity, and 

hypomimia. He reported a slight decline in cognition and displayed mild deficits on 

neuropsychological testing. He was classified as having MCI together with possible 

undiagnosed, early PD. At age 76 he noticed an intermittent resting tremor of his right hand and 
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sought care from a community neurologist who diagnosed him with PD. 123I-ioflupane 

(DaTscan) SPECT showed moderately to severely decreased uptake in the bilateral putamina, 

and mildly decreased uptake in the right caudate. He was started on levodopa shortly thereafter 

with a marked improvement in motor symptoms. At his third research assessment at age 78 in 

the “on” state he displayed bilateral bradykinesia and rigidity (more pronounced on the right), 

and a slight resting tremor of the right upper extremity, but no postural instability or dyskinesias. 

There was little change in his performance on cognitive testing and he was again diagnosed with 

MCI. 

The proband’s sister (II-3) did not display signs or report symptoms of parkinsonism at the 

time of study enrollment (age 67) or one year later at the second study visit. However, 

neuropsychological testing at the second visit revealed mild to moderate deficits on tests 

representing multiple cognitive domains and she was diagnosed with MCI. At age 68 she noticed 

an intermittent resting tremor of her left hand and several months later was diagnosed with PD 

by a community neurologist. She was started on levodopa at the time of diagnosis and later 

reported a marked improvement in motor symptoms. A brain MRI showed evidence of moderate 

chronic small vessel ischemic disease but was otherwise unremarkable. At her third research 

assessment at age 69 in the “on” state she displayed bilateral bradykinesia and rigidity (more 

pronounced on the left), a slight resting tremor of the left upper extremity, and postural 

instability, but no dyskinesias. Her overall performance on neuropsychological testing was stable 

and her cognitive diagnosis remained MCI. 

Three other members of the pedigree have been diagnosed with PD by community 

neurologists: the patient’s oldest brother (II-1) who is now deceased, and his niece (III-1) and 

nephew (III-4). However, little clinical information and no DNA was available for these 
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individuals. The proband’s mother and father died at ages 93 and 75, respectively, and to the 

family’s knowledge, neither one displayed signs of parkinsonism before death. 

The family is of European origin and reports that their ancestors emigrated from Germany, 

England, and Scotland. 

Genetic Findings 

Sanger sequencing of the full LRRK2 coding region in the proband revealed a novel missense 

mutation, c.4321C>A (p.R1441S). This variant was not observed in more than 60,000 exomes 

included in the ExAC database. The amino acid Arg1441 is highly conserved across species and 

this mutation is predicted to be deleterious as evidenced by a Combined Annotation Dependent 

Depletion (CADD)[Kircher et al., 2014] score of 25.5 (Fig. 2). Subsequent screening of the 

proband for 18 causal genes for parkinsonian neurodegenerative disorders using NGS did not 

reveal any other pathogenic mutations. No copy number variations within SNCA, PARK2, 

PINK1, and PARK7 were detected in the proband by MLPA. Targeted genotyping of the 

remainder of the pedigree revealed that both of the proband’s affected siblings were 

heterozygous for LRRK2 p.R1441S (Fig. 1). 

 

DISCUSSION 

We have identified a new mutation (p.R1441S) in the LRRK2 gene in a multiplex family with 

clinically typical PD. We propose that this mutation is pathogenic because it: (1) lies within a 

codon in which three known pathogenic mutations occur, (2) is predicted to be deleterious in 

silico, (3) appears to segregate with disease in the pedigree (Fig. 1). Furthermore, the proband 

did not harbor pathogenic mutations in any other established PD genes. 
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The frequency and geographic distribution of the three previously described mutations within 

codon 1441 vary considerably, but the origins of all three are characterized by multiple founding 

events. p.R1441C is the most common and is widely distributed in populations of European 

origin but has also been reported in an Asian PD patient [Haugarvoll et al., 2008]. Its frequency 

is typically well below 1% in unselected PD cohorts, but frequencies of 2-4% have been reported 

in Belgium and Southern Italy [Criscuolo et al., 2011; Nuytemans et al., 2008]. Haplotype 

analyses suggest that p.R1441C has arisen independently on at least four separate occasions 

[Haugarvoll et al., 2008]. p.R1441G occurs at a frequency of 22% in PD patients from the 

Basque population of Spain [Gorostidi et al., 2009], where a common founding event is believed 

to have occurred in the 7th century [Mata et al., 2009b]. However, only four PD families with this 

mutation have been reported outside of Spain, and two of them did not share the haplotype 

observed among all Basque mutation carriers [Hatano et al., 2014; Mata et al., 2009a; Mata et al., 

2009b; Yescas et al., 2010]. Finally, p.R1441H has been reported in a handful of PD families in 

Europe, North America, and Asia, but an analysis of four such families indicated that none of 

them shared a common haplotype with one another [Ross et al., 2009]. Thus, taken together with 

our discovery of p.R1441S, these data indicate that over 10 independent mutational events have 

occurred within codon 1441. 

The reason why LRRK2 codon 1441 is highly mutable is not entirely clear, but a likely 

contributing factor is the presence of a CpG dinucleotide (Fig. 2). In mammals the C residues of 

most CpGs are methylated which promotes the deamination of C, resulting in a T:G mismatch 

[Ehrlich and Wang 1981]. Consequently, methyl-CpGs mutate at a rate 10-50 times that of Cs in 

any other context or of any other nucleotide [Coulondre et al., 1978; Hwang and Green 2004]. 

Thus, over time, CpG dinucleotides are replaced by TpGs and CpAs [Walser and Furano 2010]. 
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This phenomenon might influence the occurrence of two of the four missense mutations 

observed at codon 1441, p.R1441C (c.4321C>T) and p.R1441H (c.4322G>A) (Fig. 2). 

The clinical characteristics of our family with p.R1441S are generally similar to those 

reported in PD patients with other mutations in codon 1441. Resting tremor is the initial 

symptom in most patients with p.R1441C and p.R1441G [Haugarvoll et al., 2008; Simon-

Sanchez et al., 2006], and all three affected individuals in our family also presented with resting 

tremor. Patients with p.R1441C and p.R1441G typically have asymmetry at onset and a good 

response to levodopa [Haugarvoll et al., 2008; Simon-Sanchez et al., 2006], as did the affected 

members of our pedigree. Age at onset in PD patients who carry mutations in codon 1441 ranges 

from 30-79 [Haugarvoll and Wszolek 2009]. In our pedigree, age at onset varied from 41-76, but 

a similarly wide range in onset has been reported within individual families with p.R1441C and 

p.R1441G [Nuytemans et al., 2008; Paisan-Ruiz et al., 2005]. Penetrance estimates are > 90% at 

age 75 for p.R1441C and 83% at age 80 for p.R1441G [Haugarvoll et al., 2008; Ruiz-Martinez et 

al., 2010]. The pattern observed in our pedigree in consistent with a similarly high rate of 

penetrance. Finally, cross-sectional studies suggest that PD patients with LRRK2 p.G2019S 

exhibit a slower decline in cognitive function [Alcalay et al., 2015; Srivatsal et al., 2015] than 

non-carriers, but there are conflicting data as to whether the same is true for patients with 

p.R1441G [Estanga et al., 2014; Somme et al., 2015]. In the two affected members of our 

pedigree who underwent detailed neuropsychological testing, mild cognitive deficits were 

observed at or slightly preceding the onset of motor symptoms. However, in unselected PD 

cohorts 19% to 24% of patients meet criteria for MCI at the time of diagnosis [Aarsland et al., 

2009; Muslimovic et al., 2008]. Determining the trajectory of cognitive decline in the affected 

members of our pedigree will require further longitudinal assessments.  
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The mechanism by which mutations in LRRK2 codon 1441 result in neurodegeneration has 

been studied for over a decade and is slowly being elucidated. Codon 1441 is located in the Ras 

of complex proteins (ROC) domain of LRRK2. The ROC domain is an active GTPase and is 

thought to regulate LRRK2 kinase activity [Guo et al., 2007]. In vitro experiments suggest that 

the p.R1441H mutation causes a twofold reduction in GTPase activity and a twofold increase in 

GTP-binding affinity, thus trapping the ROC domain in a more persistent active state [Liao et al., 

2014]. This results in overactivation of the LRRK2 kinase domain, which mediates neuronal 

toxicity [Smith et al., 2006].  

In conclusion, we have identified a novel LRRK2 variant (p.R1441S) which segregates with 

disease in a multiplex PD family and represents the fourth pathogenic mutation observed within 

codon 1441. The clinical characteristics of the affected family members are similar to those 

described in PD families with other codon 1441 mutations. The discovery of p.R1441S adds to 

the unusual diversity of a mutational hotspot within the ROC domain of the LRRK2 protein. 
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FIGURE LEGENDS 

Figure 1. Pedigree diagram of family with LRRK2 p.R1441S.  
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Individuals affected with Parkinson’s disease are represented with black symbols, unaffected 

individuals with open symbols. Age at onset is indicated immediately below each symbol, 

followed by age at last clinical evaluation (II-2, II-3), age at death (II-1, II-4), or current age (III-

1, III-4). Wt, wild type; Mut, mutation (p.R1441S). 

 

Figure 2. Schematic diagram of LRRK2 and codon 1441 mutations. 

The functional domains of LRRK2 are depicted (top) together with the location of well-

established pathogenic mutations for Parkinson’s disease. The nucleotide (underlined) and 

corresponding amino change resulting from each of the four mutations that occur in codon 1441 

are displayed (bottom), along with the Combined Annotation Dependent Depletion (CADD) 

score for each mutation. 
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Table 1. Clinical Characteristics of Affected Members of the Pedigree 

Characteristic Patient 

 II-2 II-3 II-4 
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Sex M F M 

Age at onset, yr 76 68 45 

Age at last evaluation, yr 78 69 67 

Age at death, yr ─ ─ 67 

Bradykinesia Y Y Y 

Rigidity Y Y Y 

Resting tremor Y Y Y 

Postural instability N Y Y 

Unilateral onset Y Y Y 

Levodopa response Y Y Y 

Levodopa-induced dyskinesia N N Y 

Hoehn and Yahr stagea 2 3 5 

MDS-UPDRS III scorea 26 27 NA 

Visual hallucinations N N Y 

Cognitive statusa MCI MCI NA 

MCI, mild cognitive impairment; MDS-UPDRS III, Movement Disorder 

Society Unified Parkinson's Disease Rating Scale Part III; NA, not available 
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aDetermined at last evaluation 
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